Abstract. The aim of this study was to detect vegetation change and to examine trophic interactions in a Sphagnum-dominated mire in response to raised temperature and nitrogen (N) addition. A long-term global-change experiment was established in 1995, with monthly additions of N (30 kgÁha À1 Áyr À1 ) and sulfur (20 kgÁha
INTRODUCTION
Climate change as a result of global warming is predicted to be most pronounced at high latitudes (Maxwell 1992 , Mitchell et al. 1995 , Houghton et al. 2001 . Simultaneously, increased emissions of nitrogenous air pollutants cause increased nitrogen (N) deposition over the northern hemisphere (Vitousek et al. 1997 , Lee 1998 , Bouwman et al. 2002 . Mires, i.e., wetlands actively accumulating organic material, are believed to play an important role in the global biogeochemical carbon (C) cycle, potentially serving as major long-term C sinks (Gorham 1991 , Clymo et al. 1998 . Vegetation structure, however, strongly influences the C sink capacity of mires (Belyea and Malmer 2004 , Malmer and Walle´n 2004 , Malmer and Walle´n 2005 . In general, C accumulation is greater in Sphagnum-dominated mires than in sedge-dominated mires (Verhoeven and Toth 1995 , Tolonen and Turunen 1996 , Dorrepaal et al. 2005 . Moreover, graminoid dominance leads to increased methane (CH 4 ) emissions, due to both increased root exudation of precursor compounds for CH 4 formation and plant-mediated transport of CH 4 to the atmosphere through aerenchymal tissue, bypassing oxidation in the acrotelm (Cao et al. 1996 , Granberg et al. 1997 , Frenzel and Rudolph 1998 . Because of such feedbacks on global C budgets and atmospheric greenhouse gas concentrations, investigations of vegetation dynamics in response to ongoing pollution and warming are crucial for estimates of future scenarios of global change.
Mire ecosystems typically respond to N addition with a decreased cover of mosses and an increased abundance of vascular plants (Risager 1998 , Gunnarsson and Rydin 2000 , Heijmans et al. 2002 . The role of trophic interactions in this vegetation shift, as well as the 5 E-mail: lena.wiedermann@emg.umu.se relative importance of temperature and/or N, is poorly understood. However, it has been demonstrated for other ecosystems that effects of N addition on species composition of vascular plants can be mediated by plant-fungus (Nordin et al. 1998 , Strengbom et al. 2002 or plant-insect (Aerts and Berendse 1988 , Loader and Damman 1991 , Throop and Lerdau 2004 interactions. Nitrogen-induced changes in plant tissue chemistry may be a key factor directing such interactions, as increased plant tissue N concentrations can increase plant susceptibility to damage from such organisms (Kerslake et al. 1998 , Strengbom et al. 2002 . Although it is generally anticipated that increased temperature will result in increased disease events (Harvell et al. 2002) , results from warming experiments in natural vegetation suggest species-specific responses among natural pathogens (Roy et al. 2004) .
In this study, we report data from a long-term globalchange experiment established in 1995. The study site is located in an area of northern Sweden with low background N deposition (;2 kgÁha À1 Áyr À1 ; Nordin et al. 2005) . We examine data on vegetation responses, plant chemistry, and plant disease in order to elucidate the influence of enhanced temperature and increased N on trophic interactions that direct species composition of boreal mire vegetation.
MATERIALS AND METHODS

Site description
The study was conducted in a Sphagnum-dominated boreal mire, Degero¨Stormyr, located within the Kulba¨cksliden Research Park of the Vindeln Experimental Forests (64811 0 N, 19833 0 E; 270 m a.s.l.), ;70 km from the Gulf of Bothnia in the province of Va¨st-erbotten, Sweden. The area is situated in the midboreal zone (Ahti et al. 1968) , with a mean annual temperature of 1.28C, a mean July temperature of 14.78C, a mean January temperature of À12. 48C, and mean (1961-1990) annual total precipitation of 523 mm (Alexandersson et al. 1991) . The experimental site is a poor fen (pH 4.5) with a peat depth of ;5 m (Malmstro¨m 1923) and an area of 2 km 2 , being part of a mixed-mire system covering altogether 6.5 km 2 . The bottom vegetation layer is a closed Sphagnum carpet with Sphagnum balticum (Russ.) C. Jens., S. lindbergii Schimp., S. majus (Russ.) C. Jens., and S. papillosum Lindb. The field layer is sparsely developed, and dominated by the graminoid Eriophorum vaginatum L. and the dwarf-shrubs Andromeda polifolia L. and Vaccinium oxycoccos L. Other species that only occur infrequently are Scheuchzeria palustris L., Carex limosa L., C. pauciflora Lightf., C. paupercula Michx., Trichophorum cespitosum (L.) Hartm., Rubus chamaemorus L., and Drosera rotundifolia L.
Study species
The three dominating vascular plant species E. vaginatum, A. polifolia, and V. oxycoccos were selected for detailed studies. V. oxycoccos subsumes the closely related V. microcarpum (Turz. ex. Rupr.) Schmalh. as well as intermediate hybrids between the two species. The three investigated plants differ in functional traits. E. vaginatum is a deep-rooting, deciduous, tussockforming graminoid with its fine roots between 10 cm and 40 cm below the mire surface (Walle´n 1992) . Both V. oxycoccos and A. polifolia are clonal ericaceous, evergreen dwarf-shrubs. V. oxycoccos creeps on the moss surface, and the tiny roots are found in the living moss carpet (Metsa¨vainio 1931 , Backe´us 1985 , Jacquemart 1997 , whereas A. polifolia roots intrude throughout the Sphagnum carpet and may reach a depth of 45 cm, but no measurable fine-root activity is reported below 10-15 cm (Jacquemart 1998) .
Experimental design and manipulation
The experiment was set up in the central part of the mire expanse in 1994. Treatments were first applied in 1995. The original aim was to study the effect of enhanced temperature (T) and increased N and sulfur (S) deposition on methane emission (Granberg et al. 2001) . We used the same experimental setup to examine the long-term effects of N, S, and T on vegetation and pathogen damage. The part of the experiment used in the current study has a full factorial design encompassing two levels of temperature and two levels of N (ambient and 30 kg NÁha . Each experimental combination was replicated once, and the plots, sized 2 3 2 m and separated by 1-m buffer zones, were distributed randomly. To prevent horizontal movement of added elements, all plots were surrounded by a polyvinyl chloride frame (0.5 m deep), except for a control plot without any frame. Monthly additions of NH 4 NO 3 and Na 2 SO 4 have been carried out during the growing season ever since 1995. Watering cans were used to evenly disperse the chemicals, dissolved in 10 L of surface mire water. The same amount of water was added to the unfertilized plots. To simulate climate change, warming chambers were used to raise mean air temperature by 3.68C, as measured 0.25 m above the bottom layer. These warming chambers consisted of 0.5 m high and 2 mm thick transparent polycarbonate side plates, with the upper 100 mm bent inward to the plot. They were covered with a 2 mm thick plastic film during the snow-free period of the year. To allow precipitation to enter the plots and to reduce unintentional effects on humidity, the plastic film was perforated with holes (diameter 20 mm), spaced 100 mm apart. The warming treatment used allowed evaluation of the direct effect of increased air and soil temperature, but not the effect of an earlier onset of the growing season. Further, the polycarbonate frames and the perforated plastic film cover were likely to reduce but not prevent wind flow.
Vegetation analyses
We have used three different approaches for scoring the vegetation.
(1) For the long-term monitoring of vegetation composition, permanent 0.5 3 0.5 m subplots were investigated using percent cover estimates. These plots were scored in September each year during the period 1995-1998 and then again in 2003. (2) To obtain an overall view of the vegetation of the entire 2 3 2 m plots, cover estimates were recorded in mid-September 2003. (3) To gain accurate data on living and dead vascular plant material, we performed point-intercept analysis in September 2003. The size of point-intercept quadrates was 0.2 3 0.55 m, with a grid interval of 20 mm and 30 fixed points distributed at random throughout the grid. At each of those fixed points, a skewer was lowered into the vegetation. The number of contacts with E. vaginatum, A. polifolia, and V. oxycoccos was recorded and referred to as alive or dead. For practical reasons, the maximum number of hits per grid point and species was restricted to 10, which in the present case reduced the number of hits of E. vaginatum litter.
Parasitic fungi
In September 2003, dead leaves of A. polifolia and V. oxycoccos were sampled for determination of plant parasitic fungi. No parasitic fungi were found on E. vaginatum leaves. For each of the two dwarf-shrub species and for each plot, 40-50 leaves were randomly sampled and taken to the laboratory. Out of this sample, 25 leaves per plant species and plot were picked at random and checked for the presence or absence of disease symptoms. The parasitic fungi were identified by microscopic examination following Eriksson (1970 Eriksson ( , 1974a . Nomenclature for parasitic fungi follows Eriksson (1970 Eriksson ( , 1974a and Eriksson (1992) .
Chemical analyses
In September 2003, green, healthy leaves of A. polifolia, V. oxycoccos, and E. vaginatum were randomly sampled, placed in paper bags, and brought to the laboratory. After drying at 608C for 48 h, the plant material was ground for 30 s using a ball-mill, and the total C and N concentrations were determined with a Carlo Erba model 1108 high temperature combustion elemental analyzer (Thermo Electron, Milan, Italy).
Statistical analyses
For statistical analyses, R Version 2.0.0 for Windows (R Development Core Team 2005) was utilized. ANCOVAs were applied to explore the multifactorialdesigned experiment. All factors were fixed; N and S were treated as continuous variables and T as categorical. The simplest significant models are presented. Model reduction was achieved by removal of nonsignificant factors, following the protocol of ''model simplification'' by Crawley (2002) . All models are significant at P 0.05 (Table 1) . To allow evaluation of both main effects and all interaction effects and due to the increase in variance between years (see Fig. 1 ), data on cover estimates of individual species for the 0.5 3 0.5 m subplots were separately analyzed for each year (not allowing for repeated-measures ANOVA [cf. Quinn and Keough 2002] ). Further, cover estimates from the entire plots in 2003 were analyzed in addition to the 0.5 3 0.5 m subplots. For A. polifolia, relative numbers were used for statistical analyses of the 0.5 3 0.5 m subplots, as cover differed between treatments from the start. From point-intercept data, dead and alive hits were separately entered for statistical analyses. Examining plant chemistry, N and C concentrations and the C:N ratio were processed as dependent variables. To investigate responses of the different parasitic fungi on A. polifolia and V. oxycoccos, the number of diseased leaves found per plot (out of 25 investigated leaves) for each fungus was used. Leaves infested with two fungal species were counted for each of the two species.
RESULTS
Vegetation changes over time on the 0.5 3 0.5 m subplots
No impact on Sphagnum spp. cover was observed from any of the treatments during the first four years of the experiment, while in 2003, following nine years of continuous treatments, Sphagnum cover had drastically decreased (Table 1a) . On average, Sphagnum cover was reduced from 100% to 63% in response to the N treatment and to 20% in the N 3 T treatment (Fig. 1) . Temperature treatment alone did not impact Sphagnum cover. For vascular species, there were little or no responses to the treatments during the initial three years of the experiment (Fig. 1, Table 1a ). In 1998, following four years of treatments, all of the three dominant vascular species showed a positive response to N (Fig. 1,  Table 1a ). A. polifolia models revealed a positive T response already during the first year of the experiment, which shifted to a positive N response during the course of the experiment (Fig. 1, Table 1a ).
Vegetation on the entire plots and the 0.5 3 0.5 m subplots in 2003
Vegetation data from the entire plots (2 3 2 m; see Plate 1), only recorded in 2003, showed a slightly different response pattern than that found on the 0.5 3 0.5 m subplots in this year (Table 1a, b) . This is due to the very heterogeneous vegetation structure associated with the diversified microrelief within the experimental plots. For Sphagnum, a negative effect of N was found on both the entire plots and on the subplots, while a negative effect of T was recorded only on the entire plots (Table 1a, b) . For E. vaginatum, a positive effect of T was found on both plot scales, while a positive effect of N was only observed on the subplots (Table 1a, b) . For A. polifolia, a positive effect of N was found on both the entire plots and on the subplots, while a positive effect of T was only visible on the entire plots (Table 1a, b). For V. oxycoccos, there was a positive effect of N on the entire plots, while on the subplots no such response was assessable (Table 1a , b).
Point-intercept contacts on living and dead plant material in 2003
The data demonstrate a positive effect of N on dead plant material (Fig. 2, Table 1c ). Moreover, interactions between treatments seem to play a major role for the quantity of dead plant material (Fig. 2, Table 1c ).
Thus for contacts with dead plant material of both E. vaginatum and A. polifolia, no model reduction could be achieved, as the three-way interaction between all applied treatments (N 3 T 3 S) was significant.
Plant chemistry
Data on total N and C concentrations of leaves sampled in September 2003 showed that responses in Variance explained by the model. à Significant factors in the model (different treatments: C, controls; S, sulfur; T, temperature; N, nitrogen). A negative effect is denoted by ''À'' and a positive effect by ''þ.'' Significance levels for the factors are indicated as follows: *P ¼ 0.05; **P ¼ 0.01; ***P ¼ 0.001; nonsignificant terms are included if high-order interaction terms are significant.
§ Only significant models are included.
plant chemistry to the applied treatments varied among investigated species (Fig. 3) . The C and N concentrations of E. vaginatum leaves remained more or less unchanged independent of treatment ( Fig. 3, Table 1d ). For A. polifolia, N addition caused leaf N concentrations to increase, while T treatment caused a decrease (Fig. 3, Table 1d ). For V. oxycoccos, N addition caused leaf concentrations of both C and N to increase, while both T and S treatments caused a decrease in leaf C concentrations (Fig. 3, Table 1d ).
Parasitic fungi
We found 16 different species of parasitic fungi in total on the sampled leaves, of which eight occurred on A. polifolia and eight others on V. oxycoccos (see Appendix A for details on individual species). Ten of the 1995, 1996, 1997, and 1998 (white bars); and 2003 (gray bar) . Data represent percent cover (mean 6 SE) of Sphagnum spp., E. vaginatum, A. polifolia, and V. oxycoccos for the different treatments (C, controls; S, sulfur; T, temperature; N, nitrogen; and the combined treatments) in the 0.5 3 0.5 m subplots. species were ascomycetes, one a basidiomycete and five belonged to fungi imperfecti (see Appendix A). Five species were only found in the treatment plots and not in any of the control plots (three for A. polifolia and two for V. oxycoccos; see Appendix A). However, they were only observed in a few plots and also occurred at low frequencies in the area surrounding the experimental site. Thus all species belonged to the natural microfungi community at the study site.
Different parasitic fungi responded differently to the treatments. The models showed that all significant main effects of N were positive, while all significant main effects of T were negative (Table 1e ). Three out of eight parasitic fungi on A. polifolia showed significant treatment responses, namely a positive response to N for Phacidium andromedae and Protoventuria andromedae, and a negative response to T for Godronia andromedae and Phacidium andromedae (Table 1e) . The other fungal species on A. polifolia were found in very low densities, or as in the case of Epipolaeum andromedae, showed a scattered distribution. The number of leaves without disease symptoms decreased following T treatment (Table 1e ). For V. oxycoccos, two out of eight parasitic fungi showed significant treatment responses, namely, a positive response to N for Godronia cassandrae and a negative response to T for Protoventuria elegantula (Table 1e ). Disease incidence for G. cassandrae showed a significant increase from 6% in plots without N addition to 49% in N-treated plots, whereas for P. elegantula, disease incidence dropped significantly in the T-treated plots, namely from 24% to 0.5%, averaged over T treatments. Other parasitic fungi on V. oxycoccos occurred in low densities, and the number of leaves without disease symptoms was significantly lower in plots without N addition (Table 1e ).
DISCUSSION
We found marked vegetation shifts in response to N addition and warming (see Plate 1), but not in response to the S addition. Focusing on the time lag of the vegetation response to the treatments, we first discuss individual plant responses to the N and T treatments. Here, we stress the role of Sphagnum species in buffering short-term responses. Subsequently we examine altered plant chemistry and how this relates to growth of the three dominating vascular plants and to the disease incidence of parasitic fungi. This is followed by a The vegetation showed only minor responses to the treatments during the first years of the experiment. Sphagnum growth was reduced already by the second year due to N and T treatment (Gunnarsson et al. 2004 ), but the cover remained constant. However, after nine years, these treatments had caused the initially closed Sphagnum carpet to almost disappear, and the cover of vascular plant species had increased. This time lag in the response of the vascular species reflects the fact that Sphagnum mosses are efficient at absorbing applied N, and deep-rooted vascular plants growing in a dense Sphagnum carpet are thus, in the short-term, prevented from having direct access to N added to the surface (Malmer et al. 1994 , Berendse et al. 2001 , Nordbakken et al. 2003 . Eventually, Sphagnum N uptake results in excessive tissue N accumulation, which leads to decreased growth and moss decline (Nordin and Gunnarsson 2000 , Limpens and Berendse 2003 , Gunnarsson et al. 2004 ) and increased growth of vascular species. For the tussock-forming graminoid Eriophorum vaginatum, in the current study, the increase in abundance was particularly striking in warmed plots. This is in agreement with data reported by Chapin and Shaver (1996) , who found a doubling of E. vaginatum biomass following eight years of warming of Alaskan arctic tundra. Plant chemical responses to the experimental treatments clearly differed between E. vaginatum and the two dwarf-shrub species. For E. vaginatum, neither N addition nor warming significantly changed N and C concentrations of the leaves. This, however, is in contrast to the study by Chapin and Shaver (1996) , where N additions caused E. vaginatum leaf N concentrations as well as leaf growth to increase. In the current study there were indications of increased E. vaginatum growth in response to N addition. The E. vaginatum abundance on the small subplots and the frequency of dead leaves both increased. In accordance, Granberg et al. (2001) reported an increased abundance of E. vaginatum in response to N addition in the same experiment. This suggests that for E. vaginatum, the ameliorated N conditions promoted growth rather than N accumulation in leaves. In contrast, for both Vaccinium oxycoccos and Andromeda polifolia, the C:N ratio of the leaves varied greatly between the treatments. For both species, N addition increased leaf N concentrations, indicating that N uptake exceeded the direct demand for growth (Aerts et al. 1992 , Limpens et al. 2004 ). For A. polifolia, the leaf N concentration decreased in response to the warming treatment, reflecting that enhanced growth attributed to warming may have diluted leaf N concentrations.
The data from the point-intercept analyses indicated an increased number of dead leaves of vascular plants in conjunction with the N addition treatment, although for A. polifolia only in the N 3 T treatment. Further, interactions between treatments seemed to play an increased role for the quantity of dead plant material, which is only partly reflected by disease incidence of parasitic fungi. The mechanism behind the observed increased litter accumulation for E. vaginatum could not be attributed to any disease symptoms. Hence it might result from enhanced growth of the graminoid subsequently causing reduced growth of the Sphagnum mosses, which otherwise rapidly overgrow dead leaves. However, for both dwarf-shrubs, several species of parasitic fungi appear to be favored by increased N tissue concentrations. Disease dynamics of annually infecting fungal parasites are commonly characterized by a density-dependent component Chilvers 1982, Burdon et al. 1994) . Nonetheless, our data support the view that increased leaf N concentrations directly favor parasitic fungal infection, because disease levels generally decreased in the T treatment, even with induced higher host densities as in the case of A. polifolia. In particular, those fungi infecting A. polifolia responded negatively to the T treatment, which we attribute to the decreased leaf N concentration. Further support for this view is given by the observation that the lesions of Godronia andromedae and Protoventuria andromedae were poorly developed in the T treatments compared to N treatments. Moreover, linked to increased leaf N concentrations, Godronia cassandrae caused the most severe disease symptoms on V. oxycoccos. This species is also known to be a major pathogen following N fertilization in cranberry cultivations in North America (Caruso and Ramsdell 1995) . Thus we conclude that even though increased host plant density is likely to facilitate the spread of fungal diseases, disease severity directly relates to increased host tissue N concentration.
The general negative effect of warming on disease incidences found in this study contrasts with the results of Roy et al. (2004) , who found a general tendency of increased disease levels in response to an earlier onset of the growth period. Their finding corresponds to general predictions of the potential role of pathogenic fungi in response to global warming (Lonsdale and Gibbs 1996 , Coakley et al. 1999 , Harvell et al. 2002 . Increased disease problems are likely for annual polycyclic pathogens such as rusts and mildews, as a longer growth period will enable completion of more generations. However, the ascomycetes on the dwarf-shrub species studied here differ. Most species are characterized by a long time period for completion of their life cycle (see Appendix B), which is an adaptation to the long life expectancy of evergreen leaves. Thus they do not form multiple generations during one growing season (see Appendix B). They are also sensitive to changed precipitation and humidity (Caruso and Ramsdell 1995) , which means that different stages in the life cycle may differ in their susceptibility toward various abiotic factors. Also, ascosporic release is mostly confined to humid conditions in early summer, coinciding with incipient elongation of the current annual shoots of the host plants (see Appendix B). If warming induces an earlier ascosporic release, occurring prior to shoot elongation, it could impede successful inoculation of the host plant. Two of the species, G. andromedae and G. cassandrae, differ from the other pathogens as they have a sexual as well as an asexual stage (Eriksson 1970, Caruso and Ramsdell 1995) with conidia that are released during humid periods throughout the summer (Caruso and Ramsdell 1995) . Consequently one would assume a marked negative effect of increased temperature on both species, but this was only observed for G. andromedae. However, both this study and that of Roy et al. (2004) have in common that different host-pathogen systems show individualistic responses.
We cannot exclude the possibility that the construction of the warming plots may have reduced dispersal of fungal diaspores, and if so that some of the variation observed may mirror autoinfection by taxa present at the onset of the experiment. However, with the exception of Protoventuria elegantula that was only scored in one of the eight T plots, the remaining three taxa that responded negatively to T occurred in all (Godronia andromedae, Protoventuria andromedae) or in six (Phacidium andromedae) of the eight T plots. Further, we also know from earlier field experiments that similar experimental constructions are insufficient to exclude alloinfection (L. Ericson, unpublished data).
Augmented dwarf-shrub mortality, observed in various ecosystems in response to increased N availability, is commonly interpreted as a result of decreased frost hardiness of the dwarf-shrubs (Romell and Malmstro¨m 1945 , Bannister 1964 , Caporn et al. 2000 . Symptoms interpreted as winter mortality can, however, equally be the result of pathogenic fungi. Studies conducted in spring and summer will often not allow assessment of the role of plant pathogens in affecting host plant mortality. This implies that care should be taken when assessing host plant mortality as due to abiotic or biotic factors without detailed examination.
In summary, this study shows that in contrast to other nutrient-limited boreal ecosystems, where the vegetation rapidly responds to increased N availability (e.g., Strengbom et al. 2002) , boreal oligotrophic mires initially respond slowly to increased N availability and enhanced temperature. Ultimately, enhanced N supply leads to vegetation shifts as the Sphagnum carpet collapses and vascular plants become dominant. Parasitic fungi have the potential to modify the positive growth response of the dwarf-shrubs following N addition. Dwarf-shrubs, accumulating N in leaf tissues, are particularly prone to attack by parasitic fungi. This implies that trophic interactions need to be considered as forceful drivers of vegetation change in response to global change, with implications for both carbon sequestering and methane emission.
